We report the high beam quality diode end-pumped Q-switched Yb:YAG laser operating at 1030 nm wavelength with elliptical cavity mode configuration operating at 1-100 kHz repetition rates. We have performed measurements of highly astigmatic thermal lens in laser active element by means of Shack-Hartmann wavefront sensor that provides necessary data for laser cavity design. With optimized laser cavity the output beam quality parameter M 2 does not exceed 1.2 value even at maximum pump power of 50 W.
Introduction
Yb:YAG medium was demonstrated to be a promising candidate for efficient diode pumped laser systems. The losses caused by excited-state absorption, upconversion, and concentration quenching due to simple energy level structure of Yb:YAG are negligible [1] . Nevertheless, despite very low quantum defect in this medium the average power and beam quality of these solid state lasers are limited by the onset of thermooptic distortion and birefringence [2, 3] . A variety of resonator designs and novel pumping schemes has been invented in order to minimize these effects. One of the most significant steps in achieving high average powers was the development of thin disk laser [4] . However, this design tends to be quite complex due to multiple passes of pump beam through a short active element. End-pumped schemes offer more reliable and less expensive laser designs yielding an optical to optical efficiency of more than 40% [5, 6] . Traditionally a rodshaped active element was used in such set-ups. Unfortunately, this leads to depolarization losses due to thermally induced birefringence in laser active element [7] . Thin slab active element geometry is attractive due to efficient heat removal and offers more convenient distribution of thermally induced stress in active element, thus offering significant improvement of high power diode pumped solid-state laser operation [8] . However there is a limiting factor of crystal fracture due to stress, induced by non-uniform thermal expansion, as in an end-pump geometry the heat load is concentrated in a small volume while the rest of the laser crystal is cooled. The employment of elliptical mode configuration allows for a larger mode area in active element and consequently for higher output pulse energies and average power scaling, as in that case the heat load is distributed in larger volume without losing in cooling efficiency [9, 10] . Nevertheless, this approach leads to the formation of power dependent astigmatic thermal lens which can seriously affect the resonator stability [11] , therefore it requires a nontrivial laser cavity design, employing cylindrical optics and accounting for the dynamic focusing power of thermal lens.
In this contribution we report diode end-pumped Yb:YAG laser with elliptical cavity mode configuration. We present the results on numerical modelling of laser cavity based on the measurements of astigmatic thermal lens in an active element and on the laser performance in free running and Q-switched mode, featuring a high beam quality (M 2 < 1.1) even at maximum laser powers.
Measurement of thermal lensing
Elliptical pump geometry leads to non-symetrical temperature distribution in laser crystal and, consequently, to astigmatic thermal lens. The data on thermally induced lens in diode pumped Yb:YAG has been already published [12] , however the measurements have been performed only for case of symmetrical pump and lasing modes with pump power not exceeding 6 W. Therefore, in order to have more accurate data for laser design, we have performed the thermal lens measurements for elliptical pump configuration and for higher pump powers. As an active element we have used Yb:YAG crystal of 5% doping concentration. The crystal was shaped as a thin plate 1 mm high, 7 mm wide, and 5 mm long. The crystal was put between two sapphire plates on a water-cooled copper heat sink. Such configuration utilizes the largest surface area for effective cooling of thin plate-shaped laser crystal and this is especially effective when the heat load is distributed in a large crystal volume [10] . In order to achieve higher pump power densities we have chosen a pump scheme where the laser active element is longitudinally pumped from both ends. We have used two high brightness polarization preserving diode laser pump modules of 40 W maximum optical output power at 940 nm wavelength. These modules are produced by Light Conversion, Ltd. and contain special assemblies of micro-optic elements that are used for the shaping of diode laser bars' radiation. The pump beam from the modules focuses to almost symmetric beam spot of ∼250 µm in diameter and has a comparatively low divergence (beam quality parameters in different planes are M 2 fast = 12 and M 2 slow = 27). The pump beam was reshaped to elliptical one with transverse dimensions of 280×1000 µm 2 in the laser crystal using a system of lenses (pump shaping optics PS). The resulting pump power from each diode laser bar after the reshaping of the beam was 26 W due to the losses on beam-shapers, lenses, and mirrors.
We employed a Shack-Hartmann wavefront sensor for measurement of the phase distortions acquired by probe beam of He-Ne laser after passing the pumped laser crystal (see experimental set-up presented in Fig. 1 ). The Shack-Hartmann wavefront sensor was built using a 40×40 lenslet array with lenslet size of 108 µm and a Dalsa 1M15 CCD camera. In order to match the dimensions of pumped region in laser crystal and lenslet array we used a magnifying 4F imaging lens system. Different values of the imaging system magnification were set for thermal lens measurements in horizontal and vertical directions, optimizing in this way the resolution of the registration system. Variation of the thermally induced lens's focusing power, calculated from data of wavefront distortion measurements, versus total pump power is presented in Fig. 2 . These results show that the thermal lens focusing power differs up to 10 times in horizontal and vertical directions at the highest pump power. Thermal lens measurements were performed in non-lasing conditions only due to technical limitations and the complexity of experimental laser resonator. However we should note that in lasing conditions the thermal lens can be up to 3 times smaller than in non-lasing conditions, as simulated emission dominates over fluorescence and non-radiative decay, thus reducing the thermal loading [12] . Therefore, the expected focal length of thermal lens in lasing conditions should be within ∼300-600 mm range in horizontal and within ∼30-60 mm range in vertical planes. 
Laser design

Numerical modelling
The goal of this numerical modelling was to find out optimum laser resonator parameters at which the laser reaches stable operation and is least sensitive to thermal lensing. Additionally, the effects of an elliptical thermal lens on the resonators' output mode were investigated. Figure 3 depicts the resonator model used in computer simulations. Cylindrical lenses, CL1 and CL2, were considered to be thin. The active element was replaced by a variable strength thin lens, which stands for thermal lens induced in an active element. M1 is spherical mirror with R = 1500 mm, M2 is flat output mirror, CL1 and CL2 are cylindrical lenses of f cl focal length, AE is active element, L is lens with f = 500 mm.
The modelling was performed in two spatial directions: in vertical direction the curvature of cylindrical lenses CL1 and CL2 had an effect on the beam and in the horizontal direction. The thermal lens is considered to be astigmatic with its focusing power varying in the ranges corresponding to those evaluated from measurements. The resonator was modelled using an ABCD matrix formalism well described in [13] . All elements in the resonator are given a corresponding ABCD matrix and the path of the beam is computed after one complete roundtrip around the resonator. ABCD matrices of the resonator elements are multiplied in the order in which the beam has passed through them. The parameters of interest -stability parameterm and output beam radius ω -were computed using the following relations:m
where λ is the resonator's operating wavelength, parameterm representing the resonator stability is a half trace of all system ABCD matrix and is invariant with respect to the plane of reference, and A, B, and D are the elements of the cavity ABCD matrix. Main criterion for the resonator geometry selection was its stability within a broad range of thermal lens values, with special attention devoted to high pump power range. Another important optimization criterion is a good cavity mode overlap with the pump beam in active element that ensures a high eficiency of pump conversion to laser output. In addition we were seeking for a circular beam profile at laser output. Different sets of cylindrical lenses were used in numerical modelling in order to find an optimum performace for thermal lens values obtained from measurements. Cavity configuration was optimized with reference to criteria mentioned above, by changing position of cylindrical lenses inside resonator, without altering the overall length of cavity. In all cases, the distance between cylindrical lens and active element was slightly smaller than the focal length of cylindrical lens. Obviously, the mode parameters in horizontal direction are not sensitive to cylindrical lens's focal length and position. Main results of numerical modelling are presented in Figs. 4-6. As we can see from Fig. 4 , the output beam radius in vertical direction remains nearly constant for thermal lens focal lenghts above 100 mm. For thermal lens focal lenghts below 100 mm the output beam size starts to rise, until the resonator becomes unstable (see Fig. 5 ). In horizontal direction, the output beam diameter decreases as the thermal lens focal length drops. Numerical modelling shows that for f cl = 150 mm cylindrical lens the output beam exhibits highest elipticity ratios at thermal lens values of 300-400 mm in horizontal direction, and at 30-40 mm in vertical direction (i. e. at expected thermal lens values estimated for the highest available pump). Switching to 300 mm focal length cylindrical lenses would result in less elliptical output beam profile, but at a cost of reduced resonator stability range in vertical direction, limiting it to thermal lense focal length value of 60 mm. A 200 mm focal length cylindrical lens ensures stable resonator for thermal lenses above 25 mm (in vertical direction), and has the smallest output beam radius when the thermal lens focal length is below 100 mm (in vertical dirrection). Mode radius variation in laser cavity for different values of thermal lens (for f cl = 200 mm) is shown in Fig. 6 . One can see that the chosen geometry leads to aproximately 240×800 µm 2 beam spot size which changes by no more than 10% when the available pump power is varied. 
Experimental set-up
The outline of the resonator set-up is shown in Fig. 7 . There are two identical cylindrical lenses CL introduced into the resonator to match the elliptical lasing mode and pump beam inside the laser active element. Pockels cell modulator coupled with a λ/4 phase plate was employed for Q-switch operation mode.
In this set-up the pump was slightly non-collinear in order to avoid the optical damage of laser diode modules by counter propagating pump beams.
The actual lasing mode dimensions in Yb:YAG crystal were measured by imaging the crystal plane into a CCD camera. For this measurement a fused silica plate was introduced in between the Yb:YAG crystal and cylindrical lens CL and the reflection from the plate was directed through the imaging lens to CCD camera. The measured beam spot transversal dimensions were 150×1000 µm 2 (see Fig. 8 ). The size of elliptical laser mode along a major axis was close to that of the pump spot; however, its extent along the minor axis was ∼40% less than the pump spot size. 
Laser performance in CW and Q-switched laser regimes
As the first step the laser was tested in CW operation regime. In this case the Pockels cell modulator was switched off and the laser output through polarizer was optimized for maximum value at given pump powers by changing the rotation angle of the phase plate. Such coupling of phase plate with polarizer is equivalent to laser operation with an output mirror of variable transmittance. The dependence of average laser output power on pump is shown in Fig. 9 . We have obtained a maximum laser output power of 8.3 W (lasing wavelength 1030 nm) at 52 W pump power and the lasing threshold was about 15 W. These results are comparable to those presented by other groups [8, 9] . The average slope of this curve is 24%. Note the almost linear growth of the laser output with pump power indicating negligible impact of thermo-optical effect on laser operation.
(a) (b) Fig. 10 . Laser output in Q-switched mode operation: (a) average output power versus repetition rate at given pump powers, (b) laser pulse energy versus repetition rate at given pump powers.
We have calculated the optimum effective output coupler transmittance using the values of average power of radiation leaking through the mirror M2 and have found out that it steadily grows from 20-22% at threshold to the value of 38% at the maximum output power.
BBO crystal based Pockels cell of 3 mm clear aperture (LightGate 3 from Cleveland Crystal Inc.) and Pockels cell driver (PD4 from Bergmann Messgeräte Entwicklung KG) allowing the operation at repetition rates of up to 100 kHz were employed for laser operation in Q-switched mode. Switching of the cavity to high-Q conditions was performed by applying ∼2.12 kV pulse to Pockels cell. The moment of cavity dumping was regulated by the pulse width of high voltage driving pulse and during the measurements this was set to obtain the highest average output power. The laser output pulse duration in this regime was 8 ns, which corresponds to the duration of cavity round trip. The dependences of measured average output power and corresponding energy per pulse on laser repetition rate for different values of pump power are presented in Fig. 10 .
The maximum average power of ∼5.5 W was obtained at repetition rates of 30-100 kHz. We have observed a relatively fast drop of average power when decreasing the repetition rate below 30 kHz. That is caused by the appearance of irregular pulsing of laser output when the laser cavity dumping rates approach the inverse upper state lifetime of Yb:YAG (τ = 0.95 µs) [14] . The appearance of this phenomenon is a function of the high-Q phase duration, i. e. depends on the moment of cavity dumping. In the case when cavity dumping is performed in early stage of amplification the circulating pulse cannot extract the whole stored energy form the amplifier medium and a large fraction of initial gain remains at the end of the high-Q phase. In this case the active medium gain has enough time to recover during a following low-Q phase. However, after setting the cavity dumping moment closer to the moment of amplification saturation, the energy of amplified pulse increases while the remaining gain at the end of high-Q phase decreases and the gain cannot recover the previous value during low-Q phase. As a result, the system becomes unstable and the laser output exhibits multi-energy behaviour. So, during the measurements the pulse width of high voltage driving pulse for Pockels cell was adjusted for maximum output power, but nevertheless keeping the system in the stable operation conditions. We should note that at lower pulse repetition rates the pump power was reduced in order to avoid optical damage of laser active element. 
Beam quality measurement
Beam intensity profile was measured by CCD camera at ∼4 m distance from the laser output. As seen in Fig. 11 , the output beam profile remains close to Gaussian one even at highest output powers, however when the pump power increases the symmetrical output beam becomes elliptical. According to numerical modelling (see Fig. 4 ) the output beam dimension in horizontal plane decreases as the thermal lens value increases. This leads to higher divergence in horizontal direction.
We use a method described in ISO 11146 standard to measure the laser beam quality parameter M 2 . The beam is focused by a lens and then a number of beam spot measurements are made by a CCD camera along the beam propagation direction. In our case we kept the lens position fixed and the CCD camera was being moved to measurement positions. After determining the beam width in every position a comparison with Gaussian beam propagation was made in order to estimate the M 2 parameter of the laser beam.
As we can see in Fig. 12 , the beam quality measurement resulted in M 2 values close to unity. The beam quality in horizontal direction is slightly decreased, whereas in vertical direction the beam quality remains very good. This probably occurs due to high ellipticity of the beam in laser active element, meaning that the beam is more sensitive to thermal lens and its aberrations along the direction of larger beam dimension. We can also see that the laser beam is slightly astigmatic, as there is a focus shift between horizontal and vertical directions. However, the beam quality is excellent even at higher powers and the astigmatism can be easily compensated by employing simple cylindrical optics.
Conclusions
In this work the operation of diode end-pumped Yb:YAG laser with elliptical mode geometry was investigated in CW and Q-switch regimes. In Q-switch mode the laser produced 8 ns pulses with average output power up to 5.5 W at pump power of 52 W, while in CW operation mode the 8 W output power was achieved. We have measured the focusing power of astigmatic thermal lens in laser active element and examined the quality of output beam at different output power. In spite of strongly astigmatic thermal lens due to optimized cavity design the output beam exhibits high spatial quality. Slight rise of laser output beam ellipticity reaching the ratio of 1.2 for the highest pump power was observed. Nevertheless, the beam quality parameter M 2 in both vertical and horizontal plane is close to unity, thus the output beam can be easily reconstructed to the circular mode by a cylindrical telescope. We believe that such laser design offers good prospects for power scaling of diode pumped lasers.
